Highly proton-conducting hybrid materials (P 2 W 17 V/PEG and P 2 W 17 V/PEG/SiO 2 ) were prepared by heptadecatungstovanadodiphosphoric heteropoly acid with Dawson structure (P 2 W 17 V, 90 wt.%), polyethylene glycol (PEG, 10 wt.% and 5 wt.%) and silica gel (SiO 2 , 0 wt.% and 5 wt.%). The products were characterized by the infrared (IR) spectrum, X-ray powder diffraction (XRD) analysis and electrochemical impedance spectrum (EIS). The result reveals that their conductivity values are 1:02 Â 10 À2 and 2:58 Â 10 À2 S Á cm À1 at room temperature (26 ○ C) and 75% relative humidity (RH), respectively. Their conductivities increase with higher temperature and these activation energies of proton conduction are 9.51 and 14:95 kJ Á mol À1 , which are lower than that of pure heteropoly acid (32:23 kJ Á mol À1 ). These mechanisms of proton conduction for these two materials are Grotthuss mechanism.
Heteropoly acids (HPAs) and their polyoxometalates (POMs), as a fascinating class of multifunctional material, have attracted considerable attention because of fundamental interest and potential applications. 1 Moreover, they present some unique properties that make them very good and suitable candidates to be used as inorganic building blocks in the preparation of multifunctional molecular materials. HPAs (or POMs) can be used as electrolytes for fuel cells and ultracapacitors due to their properties of fast charge transfer, high conductivity and good thermal stability. 2À4 However, the strong influence of humidity on their proton conductivities, diffusional problems and continuous leakage during cell operation hinder their practical utilizations. To overcome these disadvantages, HPAs have been dispersed in organic polymer matrices such as polyaniline (PAI), polypyrrole (PPY), and some of their derivatives. 5, 6 It is interesting to note that these inorganicÀorganic materials, in which HPAs (or POMs) were well dispersed in these polymer matrices, have been found promising for solid electrolytes. In addition, these silanes can help to hold water molecules which are connected with high conductivity. For example, Lee recently reported that the use of hydrophilic silica could improve water uptake facilitating the formation of hydrogen bonds, and thus increased the proton conductivity and reduced the methanol permeability of the materials. 7 These new hybrid materials have the possibility of becoming very useful, having both these advantages of organic materials such as light weight, flexibility and good moldability, and of inorganic materials such as high strength and conductivity, heat stability and chemical resistance. 8 So, they have been studied increasingly because of the technological potential for application in ultracapacitors and other electrochemical devices. 9 There is no doubt that the great possibility of these convention-breaking materials will ensure their prosperities in the upcoming decades. Some papers have reported that as a kind of proton conductors, these conductivity values of these hybrid materials are closely related to HPAs' (or POMs') structures in them. There are more protons and crystal water molecules facilitating proton conduction of HPAs with Dawson structure than that of HPAs with Keggin structure. In recent years, studies on these conductivities of hybrid materials based on HPAs (or POMs) with Keggin structure and matrices have been developed rapidly. 10 However, there are little reports about these hybrid materials prepared by HPAs (or POMs) with Dawson structure and inorganic or organic matrices. In the present work, we report the preparation, conductivity and conduction mechanism of these hybrid materials containing heptadecatungstovanadodiphosphoric heteropoly acid (H 7 P 2 W 17 VO 62 Á nH 2 O) with Dawson structure, polyethylene glycol (PEG) and silica gel (SiO 2 ).
FT/IR spectrum was recorded on a Nicolet Nexus 470 FT/ IR spectrometer in the range of 400À4000 cm À1 using KBr pellets. X-ray powder diffraction (XRD) pattern was obtained on a BRUKER D8 ADVANCE X-ray diffractometer using a Cu tube operated at 40 kV and 40 mA in the range of 2θ ¼ 5 ○ À40 ○ at a rate of 0.02 ○ Á s À1 . Conductivity was determined by complex impedance spectroscopy using a VMP2 multichannel potentiostat electrochemical impedance analyzer with copper electrodes over the frequency range from 9:99 Â 10 4 Hz to 0.01 Hz.
The molecular weight of polyethylene glycol is 20,000. All other reagents are analysis grade.
(i) preparation of hybrid materials
The heptadecatungstovanadodiphosphoric heteropoly acid with Dawson structure H 7 P 2 W 17 VO 62 Á 28H 2 O (P 2 W 17 V) was synthesized according to our previous paper. 11 P 2 W 17 V/ PEG and P 2 W 17 V/PEG/SiO 2 were obtained using the following processes: P 2 W 17 V (5.4 g) was dissolved in 40 mL of boiling water and mixed with tetraethoxysilane (0 mL and 1.12 mL), then stirred for 3 h at room temperature. PEG (0.6 g and 0.3 g) was added to the mixture and stirred strongly until complete dissolution of the polymer. The solution was vaporized at 50 ○ C. Finally, the viscous solution was kept in the oven at 45 ○ C and dried at constant temperature, crushed to powder. The weight ratios of P 2 W 17 V: PEG is 90:10 and that of P 2 W 17 V: SiO 2 : PEG is 90:5:5.
At room temperature, these powders of P 2 W 17 V/PEG, P 2 W 17 V/PEG/SiO 2 and P 2 W 17 V were pressed at 20 MPa into tablets of 10 mm in diameter, 2.86 mm, 3.52 mm and 3.64 mm in thickness, respectively. Two copper sheets were attached to two sides of each tablet. The proton conductivity was measured using a cell: copperjsamplejcopper. Copper slices and copper wires were used as electrodes and lines, respectively. These IR spectra of HPA and their derivatives show the jump between two vibrational energy levels of the electronic ground states. Vibrations corresponding to the heteropoly acid with Dawson structure appear at 700À1100 cm À1 . These vibrational frequencies fall in the sequence of
. These IR spectra of pure P 2 W 17 V and their hybrid materials are shown in Fig. 2 . In addition, a broad peak observed in the high wave number region 2990À3690 cm À1 is the characteristic band of water molecules and is due to the O-H stretching, which can be seen from all of the curves. But we cannot exclude the interaction of O-H stretching of PEG in curves b and c. Compared with the pure heteropoly, the band belonging to the O-H stretching mode is broadened from 3600À3300 cm À1 in IR spectra of hybrid materials, which suggests that a large number of intramolecular and XRD is widely used to study the structural features of HPA and their hybrid materials. Figure 3 shows X-ray diffraction patterns of pure P 2 W 17 V and their hybrid materials. Although the introduction of matrices, these characteristic diffraction peaks of the crystals of P 2 W 17 V are still observed in curves b and c. The sharp diffraction band at about 6 ○ À10 ○ is characteristic of Dawson structure, indicating the existence of Dawson anions in the hybrid materials, and are in accordance with the IR spectra data. 13 The broad diffraction peaks at 15 ○ À38 ○ were observed for P 2 W 17 V/PEG and P 2 W 17 V/PEG/SiO 2 , suggesting that these hybrid materials are considered amorphous without long range order. 14 The conductivity is measured as a fundamental property of the hybrid material. 15, 16 The conductivity is calculated as
where R is the resistance, L is the thickness, and S is the area of the tablet. Figures 4 and 5 show these results of frequency dependent complex impedance measurements of P 2 W 17 V/PEG and P 2 W 17 V/PEG/SiO 2 . According to the formula, we can calculate their conductivities from these complex impedance measurements. These The conductivity is a function of the movement of protons. There are two predominant mechanisms of proton conduction: the Vehicle mechanism and the Grotthuss mechanism. 17 In the Vehicle mechanism, water assists proton movement by facilitating transport as an H 3 O þ species. This differs from the Grotthuss mechanism, in which a large amount of water can assist proton transport through a hydrogen-bonded network. Generally, the activation energy of the Vehicle mechanism is higher (more than 20 kJ Á mol À1 ) than that of the Grotthuss mechanism (less than 15 kJ Á mol À1 ). 18 Figure 6 shows these Arrhenius plots of proton conduction of pure P 2 W 17 V and their hybrid materials. The relationship between conductivity and activation energy is consistent with Arrhenius equation. From the slope, the activation energy (E a ) of conductivity can be evaluated using the relation:
where E a denotes the activation energy of the conductivity, 0 is the preexponential factor and κ is the Boltzmann constant. We can calculate these activation energies of proton conduction, which are 9.51 and 14.95 kJ Á mol À1 , respectively, indicating that their mechanisms of proton conduction are both Grotthuss mechanism. These activation energies of proton conduction of these hybrid materials are much lower than that of the pure P 2 W 17 V (32.23 kJ Á mol À1 ). In the range of measured temperature, these conductivities of P 2 W 17 V/PEG and P 2 W 17 V/PEG/SiO 2 increase with higher temperature.
In conclusion, two hybrid materials (P 2 W 17 V/PEG and P 2 W 17 V/PEG/SiO 2 ) were prepared by heptadecatungstovanadodiphosphoric heteropoly acid with Dawson structure, polyethylene glycol and silica gel. IR spectra and XRD patterns confirm the existence of Dawson anions in these hybrid materials. These conductivities of P 2 W 17 V/ PEG and P 2 W 17 V/PEG/SiO 2 are 1:02 Â 10 À2 and 2:58 Â 10 À2 S Á cm À1 at room temperature (26 ○ C) and 75% relative humidity, respectively. Their activation energies of proton conduction are 9.51 and 14.95 kJ Á mol À1 , which are both lower than that of pure heteropoly acid (32.23 kJ Á mol À1 ).
The results indicate that their mechanisms of proton conduction are both Grotthuss mechanism. High conductivity values achieved for these hybrid materials investigated in this study make them promising materials for application in electrochemical devices such as solid electrolytes in sensors. 
